Abstract: Quantification of very low density molecular coatings on large~60 nm! gold nanoparticles~AuNPs! is demonstrated via the use of antibody-mediated self-limiting self-assembly of small and large AuNPs into raspberry-like structures subsequently imaged by atomic force microscopy~AFM!. AFM imaging is proposed as an automated, lower-cost, higher-throughput alternative to immunostaining and imaging by transmission electron microscopy. Synthesis of large AuNPs, containing one of three ligand molecules in one of three stoichiometries~1, 2, or 10 ligands per AuNP!, and small probe AuNPs with one of three antibody molecules in a one antibody per AuNP ratio, enabled a range of predicted self-limiting self-assembled structures. A model predicting the probability of observing a given small to large AuNP ratio based on a topography measurement such as AFM is described, in which random orientational deposition is assumed and which accounts for the stochastic synthesis method of the library AuNPs with varied ligand ratios. Experimental data were found to agree very well with the predictive models when using an established AFM sample preparation method that avoids drying-induced aggregation.
INTRODUCTION
Multifunctional nanoparticle~NP!-based therapeutics with both targeting and drug moieties have been increasingly used in clinical trials over recent years, with gold nanoparticle~AuNP! based therapeutics being just one promising example~Daniel & Astruc, 2004; Paciotti et al., 2004; Eck et al., 2008 !. However, one of the many key regulatory hurdles that must be addressed to facilitate approval of multifunctional AuNP-based therapeutics is the ability to quantitatively measure the composition of AuNP surfaces with single NP resolution~Hall et al., 2007; Hansen, 2008!. Many integrative techniques, such as NP digestion and chemical analysis~Elghanian et al., 1997!, X-ray photoelectron spectroscopy surface chemical analysis~Voevodin et al., MacCuspie et al., 2010!, or dynamic light scattering DLS! plus electrospray differential mobility analysis~Tsai et al., 2010!, can provide the average number of molecules per NP. However, integrative measurements fail to provide the distribution of the coating density, i.e., whether it is a mixture of two types of NPs where one is completely functionalized and the other is entirely uncoated, a homogenous product where every NP has the average number of molecules bound, or something in between. The single NP-resolved quantification of surface coatings will provide great value in assuring quality control on batch-to-batch consistency when manufacturing these materials, reducing the risk for both patients and companies sponsoring clinical trials~Dobrovolskaia et al., 2009!. One technique that has long been fundamental to the characterization of NPs is transmission electron microscopỹ TEM!~Liu, 2005; Bonevich & Haller, 2010 !. TEM is especially useful for characterizing colloidal AuNPs because metals scatter electrons very efficiently. However, the low electron contrast from proteins makes imaging coatings on AuNPs quite challenging. Visualization often requires the use of negative staining techniques~Ruben et al., 2005!, or immunostaining, which is the labeling of antibodies~Abs! or proteins with small AuNP tags~Maeshima et al., 2005! to aid in the visualization of these low contrast materials. In the case of low density coatings, it is possible to quantify immunogenic molecules on the surface of a sufficiently large NP by using the immunostaining technique long employed by the TEM community~Williams & Carter, 2009!. Stated differently, by tagging Abs with small AuNPs in a one-to-one ratio and subsequently mixing with antigencoated large NPs, Ab-mediated self-limiting self-assembly creates raspberry-like structures, or structures with numerous smaller NPs decorating one central larger NP, which have a ratio of small to large NPs matching the ratio of antigen ligands per large NP surface. Raspberry-like hybrid NPs have been previously shown to qualitatively confirm and quantitatively approximate peptide coating densities on NP surfaces~Slocik et al., Patton et al., 2008 !. How-NIST Disclaimer: Certain trade names and company products are mentioned in the text or identified in illustrations in order to specify adequately the experimental procedure and equipment used. In no case does such identification imply recommendation or endorsement by National Institute of Standards and Technology, nor does it imply that the products are necessarily the best available for the purpose. ever, TEM imaging of nanostructures can be much more costly @over $1 million for TEM facilities versus on the order of $100,000 for an atomic force microscope~AFM!# and time-consuming compared to automated AFM~Neffati et al., 2003; Sitti, 2003; El Rifai & Youcef-Toumi, 2004 !. Additionally, automation of AFM sample loading and integration into production quality control settings is achievable with a high enough throughput to be industrially relevant, something impossible to achieve with TEM, requiring technician operation and dedicated separate offline facilities. AFM has often been employed for challenging measurements of forces and dynamics of biomolecules Fisher et al., 1999; Yang et al., 2003; Lee et al., 2007 !, complex hybrid NPs~Gao et al., 2005 Zook et al., 2011 !, or single virus NPs~MacCuspie et al., 2008b !, often with high degrees of spatial resolution~Ngunjiri & Garno, 2008!. However, the use of AFM to image and quantify immunostained NP structures has remained quite underutilized compared to TEM~Xu et al., 2006!, likely due to the complexity of interpreting a topology image compared to a transmission image and the geometrical and statistical assumptions required to successfully interpret the data~Fig. 1a, discussed later!. Therefore, this work aims to develop rational physical models, based on the underlying metrology and supported by experimental datasets, for the successful quantification of low-density protein ligand coatings on NP surfaces by AFM imaging of the structures resulting from self-assembly of small NP-Ab tags onto the surface of the large NP.
EXPERIMENTAL

Chemicals and Reagents
Unless specified otherwise, all chemical reagents were obtained from Sigma-Aldrich~St. Louis, MO, USA! of the highest purity available and used as-received. All deionized DI! water~resistivity of 18.2 MV{cm! was from an Aqua Solutions~Jasper, GA, USA! type I biological grade water purification system outfitted with an ultraviolet lamp to oxidize residual organics and a low molecular weight cut-off membrane.
Synthesis of Antibody-Functionalized AuNPs
The mechanism for attaching the Abs onto the surface of the AuNPs is shown in Figure 1b . The Abs' functions were defined as either a probe Ab if attached to the 10 nm AuNPs, or as a ligand if attached to the 60 nm AuNPs because IgG molecules can simultaneously function as Ab and antigen, and the same mechanism was used for attaching either probe Abs or ligand Abs. 1.0 mL of either nominally~i.e., in name only! 10 nm or nominally 60 nm AuNPs Reference Materials RM8011 and RM8013, National Institute of Standards and Technology, Gaithersburg, MD, USA! were filtered through a 0.2 mm polyvinylidene fluoride syringe filter into a microcentrifuge tube~Eppendorf, Hauppauge, NY, USA!. The stock AuNPs of both sizes were characterized initially under conditions used for these experiments for comparison to the informational values provided Supplementary Materials!.
However, the AuNPs used in this study were processed before measurement in a different fashion than the reference values on the National Institute of Standards and Technology~NIST! report of investigation, which accounts for the different observed values here. However, it is of note that for RM8011, the NIST report cites an AFM size of 8.5 6 0.3! nm and a DLS size of~13.5 6 0.1! nm, and distinct sizes between these values for the four other measurement techniques used. The measurements are statistically significant with differences well above the uncertainties of the individual measurements and reflect fundamental metrological differences between the methods. As it would be misleading to a reader to imply that the value from one single measurement is preferred among all those in the report when selecting a name for a NP~indeed multiple measurements are always best! and it would be exceedingly cumbersome to describe the NPs by all six sizes and the method used to make each measurement in every instance, the AuNPs will be referred to throughout this report by their nominal values assigned by NIST to avoid confusion. Next, 3-mercaptopropionic acid~3-MPA! was used to form an alkanethiol monolayer around the AuNPs based on stoichiometries of ligands to surface Au atoms reported in the literature~Hostetler et al., 1999; Tracy et al., 2007! , and the reaction was allowed to proceed for 1 h while vortexing at speed of 115 rad s Ϫ1 @1,100 revolutions per minute~rpm!#. The sample was then washed by centrifugation at 14.5 krpm in a Minispin Plus~Eppendorf! for 20 min to obtain a pellet, the supernatant was removed, and then the pellet was resuspended in DI water. Nhydroxysuccinimde~NHS!, then 1-ethyl-3-carbodiimide hydrochloride~EDAC! were added while the sample was vortexed at 115 rad s Ϫ1~1 ,100 rpm! for 30 min. Affinitypurified polyclonal Abs, either Rabbit anti-Goat immunoglobulin G~IgG!, Goat anti-Rabbit IgG, or Donkey antiRabbit IgG~Abcam, Cambridge, MA, USA! were added to the sample and allowed to react for 1 h at room temperature. The sample was washed again by centrifugation, and the pellet was resuspended in DI water as before. All samples were stored at 48C between synthesis and measurement. Supplementary Table SI-1 shows the specified volumes and concentrations of 3-MPA, NHS, EDAC, and Abs used to create the library of materials. 60 nm AuNPs were used to produce samples with three different Ab ligand/ AuNP~Lig/NP! ratios~1 Lig/NP, 2 Lig/NP, and 10 Lig/NP!, and 10 nm AuNPs were used to produce three samples with 1 probe Ab/NP. Table, 
Supplementary Text,
Self-Limiting Self-Assembly of Raspberry-Like Structures
Equal volumes~typically 0.5 mL each! of desired 10 and 60 nm functionalized AuNPs were mixed in a 1.5 mL low-protein binding microcentrifuge tube~Eppendorf!, with approximately 100 times more 10 nm AuNPs than 60 nm AuNPs on a particle number basis, which was 10 times excess small probe AuNPs than available binding sites on the 10 Lig/NP 60 nm AuNPs. The solutions containing both sizes of AuNPs were vortexed at 94 rad s Ϫ1~9 00 rpm! for 10 s to mix, then allowed to stand for 1 h before deposition onto AFM substrates. DLS observation of the binding kinet- ics~Supplementary 
Dynamic Light Scattering and Ultraviolet-Visible Absorbance Characterization
NIST-NCL Protocol PCC-1 was followed~Hackley & Clogston, 2007!. Briefly, samples were transferred into a disposable ultraviolet-transparent semimicro cuvettẽ BrandTech Scientific, Inc., Essex, CT, USA! to measure the hydrodynamic diameter~Z avg ! on a ZetaSizer Nano~Mal-vern Instruments, Westborough, MA, USA!. For this article, DLS data will be reported as the mean of five measurements with one standard deviation uncertainty. On completion of the DLS measurements, the cuvette was immediately transferred to a Lambda 750 Spectrophotometer~Perkin Elmer, Waltham, MA, USA! for ultraviolet-visible~UV-vis! spectra collection.
AFM Sample Preparation and Imaging
NIST-NCL Protocol PCC-6 was followed~Grobleny et al., 2009!. All sample preparation was performed in a HEPAfiltered biosafety level two~BSL-2! hood. Briefly, preparation of substrate: 0.1% by mass poly-L-Lysine~PLL! solution was diluted 1:10 with filtered DI water. Freshly cleaved mica discs~Ted Pella, Redding, CA, USA! were fully immersed in PLL solution for 30 min at room temperature, removed from the solution, rinsed with DI water, and dried with filtered compressed air. Deposition of AuNPs onto substrate: 25 mL of solution was pipetted onto a PLL-modified substrate and incubated~10 nm AuNP for 30 s; 60 nm AuNP or raspberry-like structures for 10 min! at room temperature under an inverted glass petri dish cover to minimize evaporation, then the droplet was rinsed away with DI water and dried with filtered compressed air as before. This protocol deposits NPs in a way that minimizes drying-induced aggregation or agglomeration artifacts, or the so-called "coffee stain effect," and reduces radial dependence of NP distribution on the substrate~although not explored systematically in this report, see NIST-NCL Protocols PCC-6 and PCC-7!. A Dimension 3100 scanning probe microscope and Nanoscope V Controller~Bruker AXS, Santa Barbara, CA, USA! equipped with an automated stage was operated in intermittent-contact mode with scan rates of 0.9 Hz. No fewer than 10 images were collected at arbitrary locations across a sample using an automated programmed move routine to collect either 60 or 100 images in one session; one tip was used per session then discarded. Image collection through programmed moves was repeated until at least 100 large NPs were imaged; however, in most cases, only one tip was needed per sample. Tip shape, wear, and contamination were assessed by imaging nominally 30 nm citrate capped AuNPs on the first image collected with a fresh tip and every tenth image, using a previously described method~Markiewicz & Goh, 1994!, described Supplementary Figures SI-4 to SI-7. A subset of structures were analyzed using the cross-section analysis tool of the Nanoscope v7.20 software and manually selecting a point on the substrate surface and a point at the peak of the small or large NP in the structure, and an example screenshot of such an analysis is shown in Supplementary Figure SI-8. A tolerance for size changes due to the surface chemistry reactions and subsequent processing was kept in mind when measuring the small and large NPs.
RESULTS AND DISCUSSION
This work first focused on creating well-defined ligandfunctionalized AuNPs and probe-Ab-functionalized AuNPs to later create the self-limiting self-assembled~S-L S-A! raspberry-like structures needed to test the main hypothesis. Abs were selected as the ligands because they have been explored for targeting specific cellular receptors to facilitate uptake of AuNPs preferentially in certain tissues or cell types, can simultaneously act as both antigens and Abs, and can demonstrate the potential applicability of this approach to sandwich immunoassay techniques. 60 nm AuNPs were used to produce samples with three different Lig/NP ratios of~1, 2, or 10! Lig/NP~Jiang et al. Figure 1e .
The Ab-functionalized AuNPs were then characterized by integrative techniques to confirm the conjugation of the Abs onto the surfaces of the AuNPs. Figure 2a shows the DLS Z avg size measurements of 60 nm AuNPs before and after conjugation with the Donkey anti-Rabbit IgG for all three Lig/NP ratios. These small increases in diameter are reasonable when one considers the additional hydrodynamic volume of 1 or even 10 Abs is much smaller than that of a 60 nm AuNP, and that the Z avg diameter increases only by the cube root of this~see Supplementary Materials for further calculation details!. While the increase from neatAuNPs to Ligand-AuNPs in Figure 2a is larger than predicted from the calculations described in the Supplementary Materials, this is likely due to water molecules associating with the antibody coatings, increasing the hydrodynamic volume and/or hydrodynamic drag of the Ligand-AuNP more than a solely geometric assumption would calculate. Indeed, this effect has been observed experimentally, for example, by Tsai and others, with other hydrophilic coatings Tsai et al., 2010!. The size increase was less than the uncertainty of the measurements for 1 Lig/NP, small but approaching statistical significance~approximately 2 nm increase! for 2 Lig/NP, and clearly significant~almost 5 nm! for 10 Lig/NP. The greater size changes observed for greater Lig/NP ratios agrees with the solution chemistry stoichiometry increases but does not rigorously confirm the binding of the Abs or the precise Lig/NP ratio of the surface attachment. The standard deviation of the mean of the Z-average DLS measurements in Figure 2a for the Ligand-AuNPs is likely due to the polydispersity of the NPs' surface coatings i.e., particles made with a 10:1 stoichiometry actually yield a wide distribution of coating ratios due to the stochastic nature of the reaction!. The DLS results for Donkey antiRabbit IgG are representative of the other Abs used~Rabbit anti-Goat IgG or Goat anti-Rabbit IgG!. The unique optical properties of AuNPs enable both concentration quantification and qualitative monitoring of changes in the surface coating~Link & El-Sayed, 1999; Malinsky et al., 2001; Kelly et al., 2002; Duan et al., 2009 !. Figure 2b shows the UV-vis spectrum of the 60 nm citratecapped AuNP control with a maximum absorbance near 520 nm and the UV-vis spectrum of 60 nm AuNP-Goat anti-Rabbit IgG~2 Lig/NP! with a maximum absorbance observed near a wavelength of 530 nm. This slight red shift suggests that a coating is present on the surface of the AuNPs, here the Abs. Decreases in absorbance allow quantification of the yield of the reaction and purification steps. The UV-vis result shown is representative of the other Ab samples. Figure 2c shows topographical AFM images of 60 nm AuNP-Rabbit anti-Goat IgG~1 Lig/NP!. The majority of structures observed in the AuNP stocks are single NPs, with very little agglomeration. The size increase by DLS combined with the AFM result of single AuNPs strongly suggests that the AuNPs have been surface functionalized. Within an individual AuNP structure, a region of phase contrast can sometimes be observed, indicating perhaps a more compliant material is present in only a small region of the NP surface, also suggesting the presence of a functionalized Ab. However, caution must be exercised to avoid overinterpretation of AFM phase images. When viewed collectively, the DLS, AFM, and UV-vis measurements suggest increasing ligand protein density on the surface of the AuNPs matching the trend of the solution stoichiometries used during synthesis. This combination of integrative techniques has been previously demonstrated as qualitatively valid to observe protein coatings on AuNPs and AgNPs and distinguish agglomerates or aggregates from singly dispersed protein-coated NPs~Nuraje et al., 2006; MacCuspie et al., 2011!. While these combined integrative size measurements confirm the ability to control the average protein coating density on the surface of the AuNPs, unfortunately the precise quantities of ligands bound to each single NP are impossible to determine by any integrative technique.
After synthesizing the library of Ab-NP conjugates, the Ab-mediated S-L S-A of the smaller AuNPs onto the larger AuNPs forming raspberry-like structures was performed as illustrated in Figure 1c . Without the self-limiting feature of only one probe Ab per small AuNP, uncontrolled large agglomerated networks~see Supplementary Materials for a discussion on terminology selection! of target Lig-AuNPs and probe Ab-AuNPs would be formed~Fig. 1d! similar to previously reported peptide nanotubes biosensor networks MacCuspie et al., 2008a!. The AuNPs self-assemble depending on the reactivity of the Abs and the number of Abs on the large AuNPs. For instance, both Rabbit anti-Goat IgG and Goat anti-Rabbit IgG express affinity for one another; Donkey anti-Rabbit IgG expresses an affinity for Rabbit anti-Goat IgG, and Goat anti-Rabbit and Donkey antiRabbit express no affinity for one another.
Quantifying the number of self-assembled NPs of various small to large NP ratios based on an AFM image alone can be challenging or even misleading without careful consideration of the fundamental physics of the metrology involved. Thus, a rational model was developed to aid in the interpretation of the data~Fig. 1a!. The key assumptions of the model are as follows:~1! random orientation of Ab attachment onto large AuNPs, and thus small AuNPs will assemble onto the large AuNPs with random orientations relative to one another on the particle surface,~2! the S-L S-A structures will deposit with random orientations onto AFM imaging substrates,~3! as the AFM technique images topography, only those small AuNPs that are oriented on the top half of the large AuNP post-deposition onto the AFM imaging substrate will be counted as illustrated in Figure 1a~for example, if one small AuNP attaches to one large AuNP, there is a 50% chance that the presence of the small AuNP will be imaged, illustrated such that only the small AuNPs attached to the green region of the large AuNPs would be imaged and any small AuNPs bound to the red region would not be imaged!, and~4! a distribution of Lig/NP products with a mean of the expected value and a standard deviation of 1, due to the stochastic nature of using solution-driven stoichiomety to control the synthesis of the products~Levy et al., 2006!.
The imaging substrate sample prep methods used have been proven to prevent drying-induced aggregation of AuNPs for both AFM and TEM work~NIST, 2008; ASTM, 2009; Grobleny et al., 2009; Bonevich & Haller, 2010!, and were further demonstrated using the single AuNP control samples shown in Figure 2c . Figure 3 shows the resulting concentration dependence of the raspberry-like structures from a series of S-L S-A reactions with predicted~0, 1, 2, or 10! small to large NP ratios. The reactions were between 10 nm AuNP-Goat anti-Rabbit IgG~1 Ab/NP! and 60 nm AuNP-Rabbit anti-Goat IgG with~1, 2, or 10! Lig/NP. The sample labeled 0 was an Ab-autoaffinity control reaction of 10 nm AuNP-Rabbit anti-Goat IgG~1 Ab/NP! and the 60 nm AuNP-Rabbit anti-Goat IgG with 1 Lig/NP because the Ab should not recognize itself as an antigen unless there is an autoaffinity, and thus the predicted small to large NP ratio is 0. The images in the left column are representative of various small to large NP ratios observed for the raspberrylike structures. The histograms represent the total number of structures observed from no less than 10 AFM height images~example images used to create the histograms, with small to large NP ratio assignments labeled, can be found in Supplementary Figures SI-4 to SI-7!. The predicted probability of structures observed, based on a predicted mean from the solution stoichiometry and a standard deviation of one, is overlaid on the histograms.
The negative control, or 0 Lig/NP, shows that the AuNP concentrations and sample preparation procedures used leads to less than 4% occurrence of false-positive structures, likely due as much or more to the Abs' autoaffinity than to sample preparation. For~0, 1, and 2! Lig/NP, the model fits the data very well~Fig. 3e-g!. However, in the case of 10 Lig/NP~Fig. 3h!, the sample appears to exceed the upper bound of detection for the technique, as the model for 6 Lig/NP provides a much better fit to the data than the model for 10 Lig/NP, likely due to a breakdown in the assumptions that there is no steric hindrance in either the ligand coupling reaction or the S-L S-A, a reasonable assumption considering that no structures were observed that contained over eight small AuNPs per large AuNP. It is also possible that asymmetrical raspberries may deposit preferentially with the side containing more small AuNPs facing the AFM substrate. The 10 Lig/NP results highlight not only the limitations for quantifying high coating densities, but also the power of this technique to examine extremely low ligand coating densities on NP surfaces with single NP resolution.
To further reinforce the specificity afforded by using Ab-mediated self-assembly~Nuraje et al., 2004!, a series of ligands that were either complimentary or noncomplimentary to the probe Ab were examined. Figure 4 summarizes representative AFM height images and histograms of the small to large NP ratios of the structures observed for this series. Figure 4a ,b is the complimentary pair, 10 nm AuNPGoat anti-Rabbit IgG~1 Ab/NP! and 60 nm AuNP-Rabbit anti-Goat IgG with 2 Lig/NP. The model for 2 Lig/NP fits the data reasonably well, suggesting that perhaps the mean was slightly less than two. The low-height rings in Figure 4a and Supplementary Figure SI 
CONCLUSIONS
The method of employing Ab-mediated S-L S-A followed by subsequent imaging of the raspberry-like structures by AFM was developed here for quantitative measurements of low density coatings of biomolecules on NP surfaces with single NP statistics. A library of large AuNPs with varied Lig/NP ratios and different complimentary and noncomplimentary small probe-Ab AuNPs were synthesized and characterized by both integrative methods and AFM imaging to provide histograms of the observed small to large NP ratios in the raspberry-like structures. A rational physical model based on the underlying metrology was developed to aid in the quantitative interpretation of a topographic measurement, which was found to agree especially well with the experimental data at very low Lig/NP ratios, for example~0, 1, or 2! Lig/NP.
The model enables use of AFM to confirm S-L S-A and quantitative measurements of the NPs' surfaces. Visual analysis of the self-assembled NPs, which could later be automated by image processing software for further efficiency gains, provides easier interpretation of results compared to more complicated AFM force curve mechanical property measurements. This method fills a critical gap in measurement approaches by providing a high number of single NP measurements in a potentially highly automated fashion.
Future work could explore the S-L S-A of smaller probe AuNPs to understand the role steric hindrance may play in the S-L S-A process, perhaps expanding the quantitative range of Lig/NP ratios by using smaller probe AuNPs. In this work~10 and 60! nm AuNPs were selected because of their availability as reference materials. Alternatively, in principal this work could also be expanded beyond Abs to use many other complimentary biomolecule-driven recognition such as aptamers, biotin-avidin, or affinity peptides. Nevertheless, this AFM-based method can now be used to provide evidence with single NP resolution that low-density coatings are in fact uniformly distributed across all the NPs in a sample, a key enabling step to ensuring batch-to-batch consistency in regulated environments such as pharmaceutical companies developing NP-based drug delivery systems and therapies where the number of drug or targeting molecules per NP can play an important role the cellular uptake, fate, and transport of the NP. 
